The Beam Instrumentation group at CERN has developed a new scintillating fibre beam monitor for the measurement of secondary particle beams in the CERN Experimental Areas. The monitor has a simple design that stands out for its low material budget, vacuum compatibility, good performance, low cost, and ease of production. By using different read-out techniques the monitor can perform several functions, such as measurement of the profile, position and intensity of the beam, momentum spectrometry, generation of fast trigger signals, and measurement of the time-of-flight for particle identification. The monitor has been successfully commissioned in the recently created test beams of the CERN Neutrino Platform, where it has shown an excellent performance as described in the paper.
Introduction
The Experimental Areas at CERN host a rich and diverse program of high-energy physics experiments and research and development in particle detectors and accelerator technology. These facilities provide on user's request a rich variety of secondary beams (e −/+ , p +/− , π +/− , µ +/− , K +/− , and diverse heavy ions) over a wide range of energies and intensities, typically 0.1 GeV to 450 GeV and 10 2 to 10 7 particles per second per mm 2 [1] . The transverse profile and position of these beams is measured with various types of wire gaseous chambers, mainly Multi-Wire Email address: inaki.ortega@cern.ch (I. Ortega Ruiz) Proportional Chambers (MWPC) and Delay Wire Chambers (DWC) [2] that date from the late 70's.
The performance of many of these monitors is seriously compromised due to ageing problems and radiation damage and their maintenance is very difficult due to outdated components and loss of expertise. Furthermore, these wire chambers cannot fulfil the requirements of a new test beam facility at CERN, the Neutrino Platform, which has further motivated the search for a new technology for their replacement.
The CERN Neutrino Platform has been created in the framework of an international collaboration on Preprint submitted to Nuclear Physics A October 29, 2019 R&D for neutrino detection technologies. This new facility is instrumented with two newly constructed beam lines -H2-VLE and H4-VLE described in [3] that provide low energy and low intensity secondary beams of 0.3 GeV/c to 12 GeV/c in bursts of 10 to 1,000 particles per burst. The duration of a burst is typically 4.8 s and the average beam spot size is large, in the order of several cm diameter.
The first experiments using this facility are the two ProtoDUNE detectors -NP02 and NP04 -which serve to study the detection technologies that will be used later by the DUNE Experiment in the United States [4, 5] .
Due to the special characteristics of these beam lines, they require beam monitors with a detection efficiency higher than 90%, space resolution per channel of at most 1 mm, active area of ∼ 20 cm × 20 cm, and very low material budget to avoid an emittance growth of the low energy beams. Additionally, the beam instrumentation was requested to provide the following functionalities, which are critical for the successful characterisation of the ProtoDUNE detectors: single-particle tracking, momentum spectrometry, particle identification via Time-Of-Flight (TOF), and generation of fast trigger signals. All events recorded by the beam instrumentation must be also time stamped with a clock distributed over White Rabbit (WR), which is an Ethernet-based network for sub-nanosecond accuracy timing distribution [6] . WR is used to establish a common time reference among the beam instrumentation and the ProtoDUNE Experiments, in such a way that the information from all systems can be precisely correlated in time. Further information on the characteristics of these beam lines and their requirements in terms of instrumentation can be found in [7, 8] . 
Description of the monitor

eXperimental Beam Profile Fibre (XBPF) monitor
The plastic scintillating fibres used are the SCSF-78 from Kuraray with square cross-section and 1 mm thickness. Other models from the manufacturer Saint-Gobain were also studied (BCF-12 multi-clad), but the SCSF-78 were favoured because of their lower self-attenuation and higher finish quality, as described in [25] . These fibres are composed of a large scintillating core (96% of the fibre thickness) and a thin cladding that allows trapping part of the scintillation light by total internal reflection. The core is made of polystyrene mixed with a proprietary formulation of fluorescent dopants that optimise the spectral emission of the fibre at 420 nm, matching therefore the quantum efficiency of SiPMs. Further information on plastic scintillating fibres and their physics principles can be found in [26, 27] . Figure 3 shows a XBTF ready for testing in the laboratory. 
Readout Electronics
The electronics architecture of the XBPF and XBTF systems is shown in figure 4 . It is divided into three main systems: trigger, beam profile, and timing.
Trigger System
The trigger system combines the signals from several XBTF, creating an unambiguous signal when a 
Beam Profile
The readout electronics of the XBPF profile monitors is formed by a front-end board attached to the detector and a back-end board grouped in a central acquisition chassis in the electronics barrack. Both boards communicate via a high-speed optical link.
The front-end board has the following main components, which are highlighted in figure 5:
• 192 SiPM that detect the light generated by the fibres.
• Hamamatsu C11204 to power up the SiPMs.
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This device has a temperature feedback system to maintain a stable gain of the SiPM.
• 6 CITIROC ASIC [29] that process in parallel the analogue signals from the SiPM.
• Xilinx FPGA Artix 7 that configures the CITIROC slow control, reads the CITIROC digital output, packages the data, and sends it out in a 10 MHz data stream to a Gbit transceiver.
• A SFP module with Gbit transceiver to transfer the data via optical fibre to the back-end. The XBPF provides simultaneously single particle information and a beam profile integrated over the duration of a burst. However, single particle information can be switched off when only the beam profile is wanted in order to minimise data generation.
Single particle tracking has been tested in the East Area at CERN up to beam intensities of ∼ 10 5 particles per second per mm 2 [11] . With the hard-ware as it is, single particle tracking could be used, in theory, with beam intensities close to 10 
The H4-VLE Beam Line
Momentum Spectrometer
It is possible to measure the momentum of the beam particles with a system composed of three profile monitors around a dipole magnet. In this configuration, the momentum is calculated from the deflection angle exerted by the magnet to the particle, the length of the magnet, and its mag- The performance of the momentum spectrometer during the 2018 data taking period is described in detail in [32] , section III-D.
Cherenkov Threshold Counters
H4-VLE is also equipped with two Threshold Cherenkov Counters (XCET1 and XCET2), which is a standard beam monitor at CERN for particle identification. The information of the XCET and TOF systems can be combined (time information and particle-tagging information) to provide a powerful tool for the diagnosis of the beam composition, as presented in section 5.3. More information on the XCET used in the Neutrino Platform can be found in [33] .
Results: Performance of the XBPF and XBTF
The performances of the XBPF and XBTF systems were excellent over the whole data taking period, in addition to not suffering any downtime. 
XBPF
The detection efficiency of the XBPF monitors can be easily measured from the number of triggered acquisitions with no fibres activated. Figure 9 shows the efficiency measured for all XBPF stations during the 2018 data taking.
An offline cut on the hit map has been applied to select exclusively single-track events because we suspect that the first monitors could have an overestimated efficiency value. These monitors were subjected to very large particle fluxes -higher than Image inspired from [32] .
XBTF
The efficiency of the XBTF could not be directly measured in H4-VLE, as in the case of the XBPF. Nevertheless, measurements in a dedicated test bench in the laboratory have shown an efficiency of:
Such a value is in good agreement with the Monte Carlo simulations of the beam line, as shown in figure 10 .
Time-Of-Flight
The TOF system also performed well, with a measured time resolution of σ tof < 900 ps (r.m.s.), as expected from previous beam tests ( [11] ). Given the We believe that the main factors influencing the time resolution of the TOF system are:
• Generation and propagation of photons inside scintillating fibres.
• Transit-Time Spread (TTS) of the PMT, which for the H11934 is 300 ps according to Hamamatsu.
• Time walk of the CFD, which for the N842 is 400 ps according to CAEN.
• Conversion of the NIM signals from the CFD to TTL logic level with the module N89 from CAEN. Such conversion is necessary because the FMC-TDC only accepts TTL signals. The jitter introduced by this module has been measured by us to be 110 ps.
• Time resolution of the FMC-TDC, which is 81 ps according to our own measurements.
On a first order approximation, it can be assumed that most of these factors are independent and can be summed in quadrature [34] :
which allows us to estimate the contribution from the light generation and propagation within the fibre: σ f ibre =∼ 735 ps.
We believe that the main limitations to the performance of the TOF system are:
• The large time walk of the CFD and the conversion to TTL logic level. 
Conclusions and Outlook
The new scintillating fibre monitor has completely fulfilled the requirements of the Neutrino Platform in terms of performance and functionality. The At present, the XBPF is being produced for the East Experimental Area at CERN, which is undergoing a complete renovation to be finished by 2021 [36] .
The XBPF will replace all gaseous wire chambers, thus consolidating in this way the profile monitoring in this facility.
Some studies on radiation hardness of Kuraray SCSF-78 fibres report that up to total absorbed doses of approximately 100 kGy, the fibres keep around 80% of their detection efficiency [37] . Monte Carlo simulations of the XBPF described in [10] foresee a life span of several decades in the CERN Experimental Areas before reaching that dose. However, a comprehensive study on the radiation damage of polystyrene based scintillating fibres [38] reports that annealing processes have a major impact in the radiation hardness and such processes need an atmosphere rich in oxygen to occur. Since the XBPF are placed in vacuum, their radiation hardness might be compromised. The same study [38] reports that a later exposition to oxygen triggers the annealing processes, meaning that perhaps an eventual exposure of the XBPF to air, as happens for example during technical stops, may be enough to recover the fibres from radiation damage.
In case of severe degradation of the performance due to radiation damage, the modular design of the XBPF allows for a simple and cost-effective replacement of the damaged fibres, with a cost lower than 1,000 CHF per fibre plane.
The present design of the XBPF has been chosen based on a compromise between performance and cost. The monitor is inexpensive and can be produced by the Beam Instrumentation group at CERN on demand. It is easy to maintain, has a low power consumption and does not need gas or cooling systems. If a certain application requires higher performance, the XBPF can be easily modified to accommodate several layers of staggered fibres in order to improve the detection efficiency and spatial resolution. However, such modifications tend, as a trade-off, to raise the overall cost and to complicate the production processes.
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